We have studied the selection of HIV DNA integration sites in primary macrophages to investigate two questions. First, mature macrophages do not divide, allowing us to investigate whether HIV integration targeting differs between dividing cells and nondividing cells. We sequenced and analyzed 754 unique integration sites and found that integration in macrophages is favored in active transcription units (TUs), as was observed previously for other cell types. However, HIV integration in genes was slightly less favored in macrophages than in dividing PBMC or T cell lines. Second, we compared integration targeting by HIV-vector particles bearing either of two different envelope proteins (HIV R5 Env or VSV-G) to determine whether the mechanism of entry influenced subsequent integration targeting. Integration sites generated by HIV R5-or VSV-G-bearing particles showed no significant differences in their distributions in the human genome. Analysis of additional published integration site sequences also indicated that the route of entry did not affect integration site selection for other viral envelopes as well.
INTRODUCTION
The integration of HIV DNA in the chromosomes of macrophages is important in HIV-induced disease and in lentivirus-based gene therapy of this cell type (reviewed in [1] [2] [3] [4] ). In this paper, we (i) compare integration in macrophages to integration in other cell types and (ii) assess the role of the route of entry into macrophages in determining integration target site selection.
Previous studies have characterized HIV integration in several human cell types, revealing that HIV strongly favors integration in active transcription units (TUs) [5] [6] [7] [8] [9] [10] . Studies of simple retroviruses, in contrast, revealed different patterns of integration site selection. Murine leukemia virus (MLV) favors integration near transcription start sites and shows only a slight preference for active TUs [6, 11] . Avian sarcoma-leukosis virus (ASLV), in contrast, shows the most random distribution, favoring integration in active TUs only slightly and showing no preference for integration near transcription start sites [7, 9, 12] .
The mechanisms guiding integration targeting are beginning to be clarified. Retroviral integration is not strongly sequence-specific with respect to the target DNA at the point of joining [13] [14] [15] [16] , but integration in vivo shows pronounced favored and disfavored chromosomal regions. Early studies suggested that relative exposure of integration target DNA might affect integration site selection [17] [18] [19] . Another model for target site selection invokes direct contacts between retroviral integration complexes and cellular proteins bound specifically at favored target sites [20] [21] [22] [23] [24] . In support of this idea, the cellular lens epithelium-derived growth factor (PSIP1/ LEDGF/p75) protein, which binds tightly to HIV integrase [25] [26] [27] [28] [29] [30] , has been found to influence the placement of HIV integration sites in vivo [8] . However, knockdown of PSIP1/LEDGF/p75 did not fully eliminate favored integration in TUs, leaving open the possibility that additional factors modulate HIV integration.
Another possible factor in integration targeting is the point during the cell cycle at which integration takes place [24] . HIV can carry out integration regardless of the cell cycle stage, but for MLV, cells must pass through mitosis to permit integration [31, 32] . One approach to investigating this issue is to analyze integration site selection during different phases of the cell cycle, taking advantage of the ability of HIV to infect cells regardless of the cell cycle stage. According to one possible model, chromatin remodeling during DNA replication promotes integration into TUs, so that integration in nondividing cells might not be favored in TUs. Recently, integration targeting was analyzed in IMR-90 lung fibroblasts that had been arrested by serum starvation and contact inhibition. In this model, it was found that HIV integration was still favored in active TUs [10] . The generality of this finding has been unknown, however, adding interest to a study of macrophages, which are a clinically relevant nondividing cell type.
Here we report an analysis of 754 sites of HIV integration in purified macrophages and a bioinformatic comparison to integration sites in T cells. We find that integration is indeed favored in TUs in macrophages, and comparison to transcriptional profiling data indicates that active TUs were favored. Comparison to integration site data sets from peripheral blood mononuclear cells (PBMC) and T cell lines revealed that the favoring of integration in TUs was slightly more pronounced in lymphoid cells, as was integration in features associated with gene-dense chromosomal regions.
We have also used the macrophage system to investigate whether the route of viral entry into cells influences the subsequent selection of sites for integration. Normally, HIV infection begins with fusion of the viral and cytoplasmic membranes mediated by HIV surface glycoproteins, resulting in introduction of the viral core into the cytoplasm. The pathway differs when infection is carried out by pseudotyped particles bearing the vesicular stomatitis virus glycoprotein (VSV-G) envelope. These particles are taken up by endocytosis, and fusion between the viral membrane and the vesicle membrane is induced by low pH. The route of the preintegration complex (PIC) to the nucleus is not fully clarified for either case and could differ. Of our integration sites from macrophages, 452 were generated by infection using particles bearing the VSV-G envelope and 302 were generated from particles bearing the CCR5-tropic (R5) HIV BaL envelope [33] . A detailed statistical comparison showed no significant differences between the two data sets. Comparison of published integration site data sets in which HIV or ASLV infection was mediated by still further envelope proteins also showed no strong effects on integration targeting, indicating that the envelope used for infection, and the route of entry, do not strongly affect integration site selection.
RESULTS

Bioinformatic Analysis of the Distribution of Integration Sites
We prepared separately HIV vector particles containing the VSV-G or HIV R5 envelope proteins. We used the particles to infect purified human macrophages. Six days after infection, we purified genomic DNA and cloned junctions between human and HIV-vector DNA using ligation-mediated PCR as described previously [5, 6, 9] . We processed raw DNA sequence reads to remove linker and viral sequences, condensed duplicates, and then determined the locations of unique integration sites on the human genome (draft hg17) using BLAT. We compared integration site sequences from macrophages to previously published integration site data sets (Table 1) .
We also compared experimentally determined integration sites to matched random control sites generated in silico. The matching procedure used to generate the control sites was designed to account for possible bias due to the use of restriction enzyme digestion in cloning integration sites. That is, if the restriction enzyme recognition sites are not uniformly distributed in the human genome, then the integration sites recovered might not be representative of the full population of sites. To correct for this, we matched each experimentally determined site with 10 random sites in silico that were constrained to be the same number of bases from a restriction site as was the experimental site. For statistical analysis, we then compared the pooled experimental sites to the pooled matched random controls. were in TUs, a highly significant difference. Analysis of other sets of gene annotation also showed a much higher frequency of macrophage integration sites in TUs compared to the random controls. Thus comparisons of data sets for the two envelopes showed, regardless of the gene catalog used, that TUs were favored, but there was no significant difference between the HIV/R5 and the HIV/ VSV-G data sets ( Table 2) .
We also compared integration frequency in repeated sequences for the two data sets (Table 3 ). In the human genome, gene-sparse regions are enriched in long interspersed nuclear elements (LINEs). Intergenic regions are enriched in LTR sequences derived from retroviral infections [9, 34, 35] . HIV integration sites from macrophages were less frequent in LTR elements, consistent with the enrichment of LTR sequences outside TUs. Integration in LINEs also was significantly disfavored. We detected no significant differences between the HIV/VSV-G and the HIV/R5 data sets except in the small miscellaneous group of botherQ repeats, which is of uncertain significance. We conclude that there were no major differences in targeting to repeated sequences between the two data sets.
We compared the integration sites from the HIV/VSV-G and HIV/R5 data sets further in an automated fashion with respect to a variety of genomic features, including chromosome number, chromosomal banding pattern, gene boundaries, CpG islands, and gene activity (supplementary material). None of these comparisons showed a consistent significant difference between the two data sets. We thus conclude that the two routes of infection do not result in detectable differences in integration site selection in this model.
Comparison of HIV Integration Site Selection in Macrophages and T Cells
We then compared the distribution of integration sites made by HIV-vector infection of macrophages to the distribution in activated PBMC and T cell lines. Because the distributions of sites in macrophages were so similar in the HIV/VSV-G and HIV/R5 data sets, we pooled the two for subsequent analysis. Similarly, we pooled T cell data sets and compared the placement of sites from the two data sets relative to a variety of genomic features. Table 4 compares integration frequency in TUs across the six types of gene catalogs. The percentage of integration sites in TUs was higher in T cells in each. In RefSeq genes, 72.9% of integration events from T cells were in TUs, compared to 61.8% in sites from macrophages, a statistically significant difference. The trend was significant for the other gene catalogs with the exception of the GenScan predictions, which are based solely on computational and not empirical data. Thus the frequency of integration in TUs appears to be modestly but significantly higher in T cells than in macrophages.
Another means of quantifying integration in TUs involves comparison to measures of gene density. Fig. 1 shows a comparison of integration frequency as a function of gene density for the macrophage and T cell data sets. As can be seen, integration sites in T cells are more often found in gene-rich regions than are the sites in macrophages (though both data sets did show enrichment in gene-dense regions relative to the matched random control).
We then compared the macrophage and T cell data sets for the relative frequency of integration in repeated sequences. As with the macrophage integration sites, the T cell sites were less frequent in LINEs and LTR elements than were the matched random controls. Also, we found the T cell integration sites significantly more frequently in Alu repeats, which are enriched in gene-rich regions, consistent with the slightly stronger favoring of integration in TUs in the T cell data set (data not shown).
Then we compared the effects of gene activity on integration frequency for the macrophage and T cell data sets. Previous studies have established that gene activity positively correlates with integration in T cells [5] [6] [7] [8] 36] . We obtained transcriptional profiling data for gene activity in macrophages from two published studies [37, 38] . The mean expression level of genes hosting integration events in macrophages was significantly higher than the mean for genes targeted by the matched random control, and this was true for both transcriptional profiling data sets analyzed (P = 0.0002, MannWhitney test).
Next, we compared integration frequency in the macrophage and T cell data sets relative to btranscriptional intensity,Q a score that combines the effects of gene density and transcriptional activity. As can be seen from Fig. 2 , there was a consistent trend for integration in T cells to be more frequent in regions of relatively higher transcriptional intensity, though both the macrophage and the T cell data sets showed favoring of integration in regions of high transcriptional intensity compared to the matched random control.
A related means of examining the distribution of integration sites involves assessing integration frequency in intergenic regions as a function of their length (Fig. 3) . Long intergenic regions define gene-sparse regions, and integration in these regions has been shown to correlate with lower proviral transcription [36] . We used the same statistical approach as above to compare integration frequency in the macrophage and T cell data sets. The sites from the macrophage data set were significantly enriched in the longer intergenic regions, consistent with their placement in regions of lower gene density and lower expression intensity. However, integration sites in long intergenic regions are less common in both the macrophage and the T cell data sets compared to the FIG. 1 . Effects of gene density on integration in macrophages and T cells. The human genome was partitioned into segments of 8 Mb, then each segment was scored for the frequency of integration and relative gene density. Chromosomal segments hosting integration events in the macrophage and T cell data sets were pooled and then divided into 10 equal portions based on the local gene density. The contributions of sites from the macrophage and T cell data sets were then determined for each pool. The P value was obtained from the logistic regression of event type (macrophage versus T cell integration site) on a cubic B-spline basis (i.e., a third-order polynomial) for gene density. matched random controls (P = 1.2 Â 10 À47 for T cells and P = 6.7 Â 10 À3 for macrophages). Chromosomal banding patterns also correlate with the above collection of features, with more gene-rich and actively transcribed regions enriched in Giemsa-dark bands [35] . The Giemsa banding pattern was correlated with integration site distribution in T cells and macrophages. Both favored integration in Giemsa-dark regions, but the trend was slightly stronger in the T cell data (P = 1.02 Â 10 À11 ) (supplementary material). In summary, we found integration sites from both the macrophage and the T cell data sets more frequently in a collection of features associated with regions that were gene dense, low in LTR elements and LINEs, higher in transcriptional intensity, enriched in shorter intergenic regions, and Giemsa dark. These trends, though seen in both data sets compared to random, were more pronounced for the T cell data set.
Integration Site Selection Analyzed by Chromosome
Integration site selection in whole chromosomes differed to a surprising degree between the macrophage and the T cell data sets. Previous work indicated that integration site selection was not random with respect to whole chromosomes [5, 7, 39] . Relative gene density differed among the chromosomes, and this appeared to account in part for the differences. The plot in Fig. 4 shows that integration in the T cell data set was strongly favored in the gene-dense chromosomes (e.g., 16, 17, 19, 22) [35, 40] . For integration in macrophages, some of the gene- dense   FIG. 4 . Chromosomal preferences for integration in macrophages and T cells. The proportions of integration events for the macrophage and T cell data sets are shown for each chromosome. The P value was determined using a likelihood ratio statistic for a logistic regression model as described in the supplementary material.
FIG. 2. Effects of expression intensity on integration in macrophages and Tcells. The values (integration frequency as a function of transcriptional intensity in each 8-Mb interval)
were pooled for the macrophage and T cell data sets, then the pooled data were divided into 10 subsets based on their relative expression intensity. The contribution of macrophage or T cell integration sites to each interval was then quantified and statistical analysis carried out over the distribution. The P value was obtained from the logistic regression of event type (macrophage versus T cell integration site) on a cubic B-spline basis (i.e., a third-order polynomial) for expression intensity. 
FIG. 3.
Comparison of integration frequency in macrophages and T cells in intergenic regions. Integration sites in intergenic regions from macrophages and T cells were distributed into bins based on the length of the intergenic region hosting the integration event. Integration sites from the two data sets were pooled and then divided into 10 categories based on the relative length of the intergenic region hosting the integration event. The contribution of each data set to the collection of sites in each interval was then assessed and analyzed statistically. The P value was obtained from the logistic regression of event type (macrophage versus T cell integration site) on a cubic B-spline basis (i.e., a third-order polynomial) for length of the intergenic region.
chromosomes were favored for integration, though not as strongly. The most notable trend was that integration was more frequent in the longer (lower numbered) chromosomes, which are larger integration targets. Thus the relative responses to gene density and transcriptional intensity are affecting integration site distribution, but there may be additional unidentified factors affecting distribution of sites.
Further Analysis of Retroviral Integration Following Entry Mediated by Different Envelopes
The above data on integration by HIV vectors entering macrophages via the VSV-G or HIV R5 envelope indicated that the route of entry had little or no effect on integration targeting. Does this hold for other envelopes and other retroviruses? This question can be addressed by further analysis of published integration site data sets in which different envelopes were used for infection. A complication arises because different human cell types show reproducible differences in the frequency of integration in TUs [7, 8] . However, integration in human SupT1 cells has been studied for both HIV vectors bearing the VSV-G envelope [5] and for authentic HIV bearing an X4-tropic envelope [14] . Another comparison is possible for integration by ASLV, though this involves comparing entry of an ASLV-based vector pseudotyped with VSV-G in HeLa cells [12] to entry using the natural subgroup A envelope into 293T cells engineered to express the Tva receptor [7] . We used automated comparisons to assess differences in integration frequency for each pair of data sets across a variety of genomic features, including chromosomal distribution, TUs, CpG islands, gene density, expression intensity, proximity to gene boundaries, cytobands, and G/C percentage. We compared different types of gene catalogs, and for some quantitative measures we also analyzed different length genomic intervals. No strongly significant differences were seen for either the HIV data sets in SupT1 cells or the ASLV data sets in HeLa and 293T cells (data not shown). For a small fraction of comparisons, the P values were slightly below 0.05, suggesting possible significance. However, so many pair-wise comparisons were evaluated that the biological relevance of these weak trends is questionable.
We conclude that the HIV/SupT1 and ASLV data sets did not show strong differences in integration site selection resulting from entry mediated by different retroviral envelopes, consistent with our findings in the macrophage model.
DISCUSSION
We present 754 new integration site sequences made by infection of macrophages with an HIV-based vector. We find that in macrophages integration was favored in TUs.
Comparison to transcriptional profiling data indicated that active TUs were particularly favored. In the one previous study of integration in nondividing cells, HIVvector integration in growth-arrested IMR-90 lung fibroblasts was also found to be favored in TUs [10] . The findings presented here are consistent with integration in nondividing cells being generally favored in active TUs, as was seen with dividing cells. We note, however, that both macrophages and IMR-90 cells were arrested predominantly in G0/G1, leaving open the question of whether arrest at other cell cycle stages might affect targeting.
The frequency of integration in TUs was higher in T cells, and this correlated with increased integration in (1) SINEs, (2) regions of high transcriptional intensity, (3) short intergenic regions, and (4) Giemsa dark regions. The frequency of integration in these features differs among cell types, but reproducible differences are seen when a single cell type is analyzed repeatedly (see [8] ). Why integration in T cells is consistently more frequent in TUs compared to other cell types is unclear, though we note that T cells have higher levels of the LEDGF/p75 expression than do monocytes or macrophages, and a previous study has suggested that LEDGF/p75 is partially responsible for targeting integration to TUs [8] .
In this study, we also compared the possible influence of different routes of entry on integration site selection, but found no major differences due to entry mediated by the VSV-G or HIV R5 envelopes. Similarly, comparison of (1) HIV infection mediated by VSV-G or HIV/X4 envelopes or (2) ASLV infection mediated by VSV-G or ASLVsubgroup A envelopes also showed no major differences in integration site selection. Thus the available data suggest that integration targeting is not strongly affected by the route of entry. One simple model to explain these observations would be that, following entry by different routes, the sorting pathways traversed by PICs converge prior to integration.
MATERIALS AND METHODS
Cell culture. Peripheral blood mononuclear cells were obtained by FicollHypaque separation from whole blood of healthy volunteers. Monocytes were positively selected in a cell sorter using anti-CD14. The purity of the sorted monocytes was N99%. Monocytes were cultured for 24 h at 378C with 5% CO 2 at a concentration of 2 Â 10 6 cells/ml in R-10 medium (RPMI medium supplemented with 10% heat-inactivated fetal bovine serum and 50 Ag/ml gentamycin (Invitrogen)). Monocytes were added (2 Â 10 6 per well) to a six-well plate in R-10 medium supplemented with 50 ng/ml recombinant human granulocyte/macrophage colony-stimulating factor (GM-CSF; Peprotech, Rocky Hill, NJ, USA) and incubated at 378C with 5% CO 2 for 6 days. On the sixth day, the medium was aspirated and the cells were washed three times with prewarmed R-10 medium. The resulting differentiated macrophages, displaying the characteristic bfried eggQ appearance, were incubated in R-10 medium lacking GM-CSF for a further 24 h before infection.
Preparation of HIV vector particles. HIV-1 vector particles were generated by calcium phosphate-mediated transfection of 293T cells with three plasmids: p156RRLsinPPTCMVGFPWPRE [41] (encoding the HIV vector segment), pCMVdeltaR9 [42] (the packaging construct), and pMD.G [42] (encoding the VSV-G envelope) or pBaL [33] (encoding the HIV envelope specific for CCR5). Forty-eight hours after transfection, supernatants containing the viral particles were harvested and centrifuged for 5 min at 350g at 48C to pellet cell debris. Supernatants were then filtered through a 0.45-Am filter and concentrated by ultracentrifugation at 23,000g for 2 h at 48C. The viral pellets were resuspended in~1/100 volume of fresh medium. The concentration of HIV-1 vector particles in stocks was determined by p24 ELISA.
Virus infection. Prior to infection, HIV-1 vector particles were digested with DNase I (0.2 units/Al) for 1 h at 378C. An equivalent of 250 ng of p24 HIV/VSV-G or 1000 ng of p24 HIV/R5 in 1 ml of R-10 medium (without GM-CSF) was added to each well containing a monolayer of macrophages and incubated at 378C with 5% CO 2 for 24 h. After 24 h, an additional 1 ml of R-10 medium (without GM-CSF) was added to each well and incubated for a further 6 days. After 6 days, cells were scraped, centrifuged for 5 min at 350g, and washed twice with PBS. Cells were tested for GFP expression by flow cytometry, revealing that 26% of the macrophages infected with HIV/ VSV-G were positive, while 2.5% of cells infected with HIV/R5 were positive.
Isolation of integration sites. Integration sites were cloned by ligationmediated PCR essentially as described previously [5, 6] . Briefly, DNA was extracted using the DNeasy Tissue Kit (Qiagen, Valencia, CA, USA) 6 days postinfection and digested with AvrII, NheI, and SpeI. Linker DNA was ligated to the digested ends, followed by DNA amplification with two rounds of PCR, TOPO-TA/XL cloning, and high-throughput sequencing. Average lengths of human DNA sequences were 545 bp for the HIV/VSV-G data set and 543 bp for the HIV/R5 data set. Primer sequences are available as supplementary information in [9] . Integration site sequences are deposited at NCBI under accession numbers DX571401 to DX571726 (HIV-R5) and DX571727 to DX572203 (HIV-VSV).
Bioinformatic analyses. Integration site locations were identified using the BLAT feature in the Human Genome Browser Gateway (http:// genome.ucsc.edu/cgi-bin/hgGateway) against the May 2004 freeze of the human genome sequence (hg17). Integration site sequences were judged to be of acceptable quality if (1) the match to the genome began within 3 bp of the 5V-CA-3V terminus of the viral DNA, (2) the match proximal to the LTR end showed an identity of at least 98%, and (3) the match yielded a unique best hit using default parameters in the client-server BLAT ranking. An integration site was scored as present in a TU if it was mapped in DNA between the base pairs encoding the 5V and 3V ends of the transcribed region as specified in the various gene catalog annotations (http:// www.genome.ucsc.edu/cgi-bin/hgGateway). Analysis of previously published retroviral integration sites into the human genome was updated using the hg17 draft. New matched random controls were also generated as described in the supplementary material. bDNA elementsQ in Table 3 indicates remnants of DNA transposons. Detailed description of our bioinformatic methods can be found in the supplementary material.
